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Abstract 

In type I seesaw models with flavor symmetries accounting for the lepton 
mixing angles the CP asymmetry in right-handed neutrino decays vanishes 
in the limit in which the mixing pattern is exact. We study the implications 
that additional degrees of freedom from type II seesaw may have for lepto- 
genesis in such a limit. We classify in a model independent way the possible 
realizations of type I and II seesaw schemes, differentiating between classes in 
which leptogenesis is viable or not. We point out that even with the interplay 
of type I and II seesaws there are generic classes of minimal models in which 
the CP asymmetry vanishes. Finally we analyze the generation of the lepton 
asymmetry by solving the corresponding kinetic equations in the general case 
of a mild hierarchy between the light right-handed neutrino and the scalar 
triplet masses. We identify the possible scenarios in which leptogenesis can 
take place. 
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1 Introduction 



Leptogenesis is a scenario in which the baryon asymmetry of the Universe is gen- 
erated first in the lepton sector and partially reprocessed into a baryon asymmetry 
via standard model electroweak sphaleron processes. Models for Majorana neu- 
trino masses usually involve new interactions that satisfy the necessary conditions 
for leptogenesis namely lepton number violation, CP violation in the lepton sector 
and departure from thermodynamic equilibrium (provided by the expansion of the 
Universe). Type-I seesaw [1] is certainly the most well studied framework for lepto- 
genesis, however further analysis in other Majorana neutrino mass models such as 
type II [2] and type III [3] seesaws has also been carried out (see ref. [3] for more 
details). 

Even in the light of the most recent neutrino data ^ |6j there is still a strong 
motivation to believe the mixings in the lepton sector are governed by an underlying 
flavor symmetry (for a review see e.g. [7] and references therein). Indeed it is in 
part due to this observation that leptogenesis in Majorana neutrino mass models 
has been recently considered. In particular, there is an extensive literature in the 
case of type I seesaw |H1 El [IDl IHl [I2j in which it has been shown that as long as 
the flavor symmetry enforces a concrete flavor mixing scheme (e.g. tribimaximal 
(TB) mixing) the CP violating asymmetry tN vanishes in the limit in which such a 
pattern is exactj^ 

Viable leptogenesis requires either departures from the exact mixing scheme, or 
the presence of extra degrees of freedom beyond those present in the standard type 
I seesaw (three electroweak singlet right-handed (RH) neutrinos). Departures could 
arise for example via next-to-leading order corrections {0{vl^/ K^) corrections) where 

is the characteristic scale at which the flavor symmetry is broken and A is a cutoff 
scale, or as recently proposed in [16] through renormalisation group corrections. 

In ref. pJJ it has been pointed out that interplay between type I and type II 
seesaws may allow leptogenesis at leading order {0{vf / ^))- It is the purpose of this 
paper to study under which conditions such scenarios are actually obtained from 
the inclusion of extra degrees of freedom arising from type II seesaw (involving one 
or more electroweak triplet scalars). 

The interplay between type I and II seesaws for neutrino masses is an almost un- 
avoidable feature of left-right symmetric models. It has been thoroughly considered 
in ref. [17] without assuming any underlying flavor symmetry. As a framework for 
leptogenesis it has been analysed in references [iHl [19], EQl EH |22], showing that the 

^AU these analyses have been carried out assuming leptogenesis takes place in the flavor broken 
phase. Different results may be found if the generation of the B — L asymmetry occurs in the 
flavor symmetric phase [13l [TU [15] . 
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differences with the standard leptogenesis scenario can be striking. This interplay 
has also been considered in ffavor models (see e.g. [23]). We extend upon these 
analyses by exploring the feasibility of leptogenesis in "hybrid" type I + type II 
flavor models aiming to differentiate between those that might allow leptogenesis to 
proceed and those in which even with the presence of the new degrees of freedom 
the viability of leptogenesis relies on the departures from the exact mixing scheme 
(as is the case when only type I seesaw is present). 

The rest of the paper is organized as follows: in section [2] we set up our nota- 
tion and work out the implications a flavor symmetry has in mixed I+II schemes 
by classifying the different possible realizations. In section |3] we elaborate on the 
implications for leptogenesis in the different realizations found in section |2] whereas 
in section 3^ we work out the calculation of the lepton asymmetry in scenarios in 
which the hierarchy between the lightest RH neutrino and the electroweak triplet is 
mild. We present our conclusions and flnal remarks in section |4j In appendix |X] we 
summarize the formulas used in the calculation of the lepton asymmetry. 



2 Exact mixing schemes 

The presence of electroweak singlet RH neutrinos and a scalar SU{2) triplet is 
described by the following Lagrangian 

C = C^ + C^\ (1) 

separating the type I and type II seesaw Lagrangians that, in the basis in which the 
RH neutrinos Majorana mass matrix is diagonal, can be written as 

C' = - X^.NrA^H^ - iNR^CMn^N^ + h.c. , (2) 
= - YijllfiT2ML^ - M^TrA"fA + fiH^iT2AH + h.c. (3) 

Where we left the standard H Higgs doublet potential implicit. Here El = (j^l, h)^ 
and H = (/i+,/i°)'^ are the lepton and Higgs SU{2) doublets {H = iT2H*), Nr^ are 
the RH neutrinos, C is the charge conjugation operator, A and Y are matrices in 
flavor space and A, the SU{2) scalar electroweak triplet has hypercharge +1 (to 
the lepton doublets -1/2) and is given by 

~ VA+/y2 AO 

^The generalisation for multiple triplets is straightforward and considered implicitly in the 
following sections whenever appropriate. 
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After electroweak symmetry breaking the setup of eq. (|2| and (|3| leads to the 
following effective light neutrino mass matrix: 

= i^i+ 1^" = -rriD^Mii^mD + 2vaY , (5) 

where the first term is the contribution from type I whereas the second one is the 
type II contribution. The Dirac mass matrix is defined as usual rriD = vX (with 
V ~ 174 GeV), and given the interactions in eq. ^ the triplet vacuum expectation 
value can be written as (A°) = va = ^*v'^/M\. For the following discussion it is 
useful to write the type I seesaw contribution as a tensor product of the parameter 
space vectors = (m^,^^, m^,^^, m^^g): 

N 

mi = -Y^ M^l mo, ® rriDi , (6) 

i=l 

with determined by the number of RH electroweak singlet neutrinos and moi^ 
having the same number of rows. 

Our main assumption is that the Lagrangian in eq. ([T]) originates from an under- 
lying Lagrangian invariant under a Gp flavor group that gets broken and enforces 
a concrete lepton mixing scheme in which the light neutrino mass matrix and the 
matrices that define it are form-diagonalizable [23]. For concreteness hereafter we 
will consider the TB scheme, but we do this without loss of generality as our analysis 
remains valid regardless of the mixing scheme (provided Gp guarantees to be 
form-diagonalizable). Due to our assumption and mixing pattern choice the effective 
light neutrino mass matrix becomes 

(4a + 6 -2a + 6 -2a + 6\ 
a + b + c a + b-c\ . (7) 
a + b + cj 

This matrix is diagonalized by the C/tb leptonic mixing matrix, namely 

Utb^ mf C/tb = rh^ = diag(6a, 36, 2c) = diag(m^, , m^^ , m^^ ) , (8) 

i/Vs \ 

Utb = ivi,V2,V3) = -1/VG l/VS -1/V2 . (9) 
V-1/V6 l/VS 1/V2 J 

Vi are the eigenvectors of (m^Vi = m^. Vi). Using the eigenvector decomposition 
of the TB leptonic mixing matrix in dol) and the diagonalization relation dsl), the 
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effective neutrino mass matrix can be written as an outer product of the these 
characteristic vectors B 

= ^ m^Vi (g) Vi , (10) 

j=l,2,3 

meaning the full light neutrino matrix is built-up from the sum of 3 matrices each 
arising from the respective outer product. Equations ^ and (|8| strongly imply that 
the seesaw I and II mass matrices mj;^^ are both diagonalized by 1/tb- Strictly this 
needs not be the case, but if not then we are in a situation where the two separate 
mechanisms conspire to cancel the TB incompatible contribution, and given their 
separate origins this is in principle quite unnatural (note that being diagonalised 
by C/tb does not mean that C/tb is the only matrix that diagonalises ml'^^ , due 
to possible degeneracy in eigenvalues). We therefore safely assume these matrices 
consist of the same eigenvectors Vi from which is constructed i.e. 

= J2 m^^Vi ®Vi (X = /, //) . (11) 

i=l,2,3 

Although there are different ways given contributions within the same mechanism 
produce these outer products and lead to TB we can always express them in this way 
(it may require non-independent or vanishing m^). In any case, the TB structure of 
can arise in different ways which we classify according to the different possible 
structures of the matrices m{;^^ . One main distinction is whether the identity matrix 
I is present in one or both of the matrices. This is always possible as a contribution 
proportional to the identity does not alter the eigenstates, it simply shifts all the 
eigenvalues. Three generic cases can be identified: 

i. In the most general case as well as m]J are entirely determined by all three 
eigenvectors Vi, with different parameters entering in each of all them, namely 

mf= mlvi^Vi. (12) 

X=I,II 
i=l,2,3 

Within the general case parameters may vanish so that not all eigenvectors are 
repeated across both seesaws. When several parameters vanish it is useful to 
consider that situation as a separate case explicitly as below. 

•^This decomposition can be understood as a consequence of being form-diagonalizable. 
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ii. One special case corresponds to m{, (jnf/) being proportional to the identity 
matrix. Here of course we deal with two options as follows: 



I = mil and ml^ = ^ t>i ® !;» , (13) 

j=l,2,3 

1= ^ ml.Vi®Vi and ml^ = ml/l. (14) 



1=1,2,3 



iii. Another special case has (j^i^) arise from a single Vi whereas m{/ (rnl) arises 
without that Vi. As there are 3 eigenvectors there are 3+3 options: 



ml=^ ml^ Vi ®Vi {i <j = 2, 3) ; = mil ® 7^ i) , (15) 

i=l,2 

j 

mi = ml^ Vi (S)Vi {i^k) ; mi^ = ^ mil ^'^ ® "^^^ {k < 3 = 2, 3) . (16) 



fc=l,2 



These cases can be further distinguished by the number of parameters defining 
the full light neutrino mass matrix. Depending on the presence of I we may have up 
to two extra parameters. Case [i] is determined by up to 8 parameters, both options 



in [n] either have 3 or 4 and the options in iii by 2 to 5. In that sense models of 
type [m] can be regarded as the minimal realizations of I+II mixed schemes with an 
underlying flavor symmetry accounting for the exact mixing scheme. From now on 
we will refer to them as "minimal models" . We adopt the notation (a/b) denoting 
how many eigenstates are present in each seesaw type as follows: in the most minimal 



of cases we have (1/1) as the extreme of either (2/1) for those of type (15) and (1/2) 
referring to the ones in ( [l6|). General models instead are labeled as (3/3) while 
the intermediate models in In] would be either (1/3) or (3/1), or (1/2) or (2/1) in 
their respective extreme (whereas (I/l) and (l/I) are not considered as they only 
determine one eigenvector). 

2.1 General models 

From eqs. IQ, (g and (|T2|) we can determine the structure of the Dirac matrix as 
well as the structure of the Yukawa matrix Y involved in type II seesaw: 

ruD = {XiVi, X2V2, hn)^ , (17) 
Y = J2 Vk'^k^Vk. (18) 

fc=l,2,3 
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Note that we made use of the fact that the parameter space vectors rriDi and the 
Yukawa matrix Y are defined by the eigenvectors Vi up to global factors Aj and 
jji. The case above is the most general type of model, which we denoted as (3/3) 
and they are defined in the type I sector by three RH neutrinos. In this case all 3 
eigenvectors are explicitly present in both seesaws. 



2.2 Intermediate models 

In this class of models, the exact mixing structure of the full effective light neutrino 
mass matrix arises from either the type I sector ((3/1) and (2/1) models) or the type 
II sector ((1/3) and (1/2) models). The sector proportional to the identity matrix 
just adds a parameter shifting the eigenvalues. Accordingly, the structures of the 
Dirac mass matrix and Y are given by: 

rriD = (XiVi, X2V2, hvs)'^, Y = y^, (19) 

mo = A I, Y = ykVk<S)Vk, (20) 

fc=l,2,3 

with obvious generalisation if only 2 eigenvectors are explicitly present. 



2.3 Minimal (2/1) models 

Comparing eq. ^ with eq. (15) (left-hand side) it becomes clear that minimal 
(2/1) models correspond in the type I sector to minimal type I seesaw models (with 
only two RH neutrinos). Moreover from these equations it can be seen the Dirac 
mass matrix is given by 

mo = v{XiVi,XjVj)^ , i^j. (21) 

The type II sector Yukawa matrix Y can be determined from the corresponding 
mass matrix in ([s]) and eq. (15) (right-hand side): 

Y = ykVk(»Vk, k^i,j. (22) 

We note that particular realizations of the (2/1) models are not strictly minimal if we 
do not require both seesaws to be present. What we could denote as (2/0) models by 
eliminating type II seesaw a massless eigenstate Vk is possible (minimal type I with 
only two neutrinos). This is not viable for k = 2 due to the observed squared mass 
splittings, but k = lis consistent with a normal hierarchy and k = 3 with an inverted 
hierarchy. In such a situation type I seesaw determines 2 eigenstates explicitly with 
the one corresponding to the vanishing eigenvalue having to be orthogonal Finally 

^This is similar to what happens in sequential dominance scenarios where the third eigenvalue 
is approximately zero, see e.g. [251 126) . 
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a particular case (of this and the (1/2) case) was aheady denoted as (1/1) and once 
again the solar eigenstate must explicitly arise from one or other type of seesaw due 
to the observed squared mass splittings. 



2.4 Minimal (1/2) models 

From eq. (|6| and (16) (left-hand side) we can see (1/2) models have a single RH 
neutrino in the type I seesaw sector. The Dirac mass matrix is therefore given by 

rriD = vXi . (23) 

In the type II sector the Yukawa matrix Y is determined by 

Y = yj Vj ®Vj + ykVk®Vk, j <k, j,k. (24) 

In contrast to the (2/1) models in this case the light neutrino spectrum arises from 
a non-vanishing eigenvalue from I and two non-vanishing eigenvalues from the type 
II contribution. Analogously, dropping type I seesaw could result in viable models 
with a massless eigenstate. When considering this or other cases with more than 
one eigenvector represented in type II it is relevant to consider if multiple A" have 
specific y"" structures associated with them that differ from the ones that can be 
constructed directly from the eigenvectors. It is possible and even natural to have 
the underlying symmetry specify the structures differently despite resulting in the 
exact mixing - in our parametrisation this is equivalent to having specific relations 



between the m^^ (see eq.(ll)). It may happen then that there is a single A and 
more than one non-zero (but related) ml^ . 



3 Leptogenesis in mixed schemes 

Leptogenesis in mixed type I and type II general models has been analysed in ref. 
[T8l [T9l [20l [2T| [22] . In what follows we will present the standard formulas for the 
CP violating asymmetry that we then particularize to the classes discussed in the 
previous section. We also analyse the generation of the lepton asymmetry in the 
case in which both the dynamics of the lightest RH neutrino as well as the dynamics 
of the scalar triplet have to be taken into account. Our discussion will be done in 
the unfiavored regime but can be readily extended to the flavored case. 



3.1 The CP violating asymmetries 

In models with RH neutrinos and scalar SU{2) triplets the lepton asymmetry can 
arise via the CP violating and out-of-equilibrium decays of the RH neutrinos, the 
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triplets or both. The CP violating asymmetry in RH neutrino decays arises from the 
interference of the tree-level process Ni ^ i W and standard one-loop corrections of 
the wave-function and vertex type. Due to the trilinear scalar coupling in (|3]) there 
is in addition a new one-loop vertex correction with the electroweak triplet scalar 
flowing in the loop. The calculation of these interferences yields |^ [iHl EH] 

1 1 



Stt ^2 (m£)m£)t) 



kk 



^am {mDniD^)^- f{zk 



8 7T Ma [rriDniD^] 



kk 



(25) 
(26) 



The functions f{zk) and g{ujk), with Zk = M'^JM'^^ and Uk = M^/M"^^, are loop 
functions given by 



f{Zk) 



"2- Zk _ 
1 - Zk 

1-Uk loj 



1 + Zk) log 

1 + ^fc 

UJk 



1 + Zk 
Zk 



(27) 
(28) 



These functions have different limits depending on the RH neutrino mass spectrum 
and on the hierarchy between the RH neutrinos and SU (2) triplet scalar mass. In 
the case of a hierarchical RH neutrino spectrum the function f{zk) can be accurately 
approximated as 

f{zk)^-,^, (29) 



2 A/ifc 

whereas the function giujk) according to 

g{ujk) ~ if Wfc < 1 or g{ujk) 



if cufc S> 1 



(30) 



The CP violating asymmetry in A decays involves only the interference between 
the tree-level process A — )■ £ £ and a vertex one-loop diagram induced again by the 
trilinear scalar coupling. The result reads [18] 



1 1 Efe3m[(^D5^*mD^)^^/i] 



;7rf2MA Tr[yyt] + ^2/^^ 

where the loop function in this case is given by 

1 



E{uk) 



H{uk) 



log (1 + UJk) . 



(31) 



(32) 



^Eq. (26 1 follows from '50' which differs from IS* by a factor of 3/2. 
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In the limits Wfc ^ 1 and cok ^ 1 this function can be respectively written as 



HMc^l-^ and HMc^^-^. (33) 



With the results in (25), (26) and (31) at hand we are now in the position to 



study the viability of leptogenesis in the models discussed in sec. |2} We start by 
noting that e^^ is simply the CP violating asymmetry governing standard (type I) 
leptogenesis, so the results from refs. [SI 13 1101 HIl apply i-e. eiVj. = 0. This means 
that if leptogenesis is to be possible its feasibility must rely on either a non- vanishing 
e^^ or eA- Therefore, the relevant expression for analysis is the matrix 

M = mDY*mD^ ■ (34) 

Since in general Gp does not constrain /i to be real this implies viable leptogenesis 
is possible even if is real. 



In the case of general (3/3) models, given the structures for mo and Y in (17) 



and (18), the relevant quantity Ai reads 

M = dmgCxlyl,~Xly;,^y*3), (35) 

thus yielding a non-vanishing CP asymmetry and in principle viable leptogenesis. 
These models represent a class of generic models in which the presence of a fla- 
vor symmetry allows for leptogenesis even at leading order in vp/A despite form- 
diagonalizable structures. This is to be compared with the standard leptogenesis 
scenario in which a non-vanishing CP asymmetry is possible only by the inclusion 
of next-to-leading order corrections. 

In general cases it is not possible to do predictions on the asymmetry because we 
have up to 8 complex parameters to fit 3 physical mass quantities and 2 Majorana 
phases. Therefore it is interesting to consider predictive scenarios defined in the 
following way: 

a) the masses m^. are described by a total of at most 3 complex parameters (at 
least 2 to fit the mass splitting). Let us call these parameters as af, with 
again X = 1, 11; 

b) type-I and type-II seesaw give independent contributions. For example if type- 
I gives an I contribution, type-II does not; 



c) the masses are linear in the parameters , that is = m^.laf). 
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According to the previous statements it is clear that these conditions for predictivity 
apply to either the intermediate or minimal classes from sec. [2| for which we can 
study connections between high and low energy CP violation parameters. Before 
moving on from the general case we explore further the predictive conditions as 
defined in a), b) and c). Consider that for both seesaw types the functions defined 
at point c) have the form 

mj = + af , (36) 

with a term that is present for cases with I and vanishes otherwise. The eA 
asymmetry then depends on a combination of the parameters from eq. (36) 



Im 



(37) 



The e^. dependences are very similar but without the sums over i. Technically it 
would be possible for eA to vanish and e^. to be non-zero, but this requires a specific 
relationship between the af parameters. The general case with 8 parameters (3 af, 
3 af^, ttQ and Cq^) is illustrated in fig. [l] (green squares and blue crosses for normal 
and inverted hierarchy respectively). 

We consider now intermediate models of type (3/1) or (1/3). The explicit form 



of Ad can be calculated from (19) and (20), the result reads 



M =ydisigCxl,\l,\l) , 




'22/1 + 2/2 _ -yi + 2/2 



I + ^2 + Im 



-2/1 + 2/2 

f + y2 + Im 



(38) 



As we can see, just like in the general (3/3) models the CP asymmetries do not 
vanish and qualitatively all the conclusions derived in that case hold in (3/1) and 
(1/3) models as well - this is consistent with [27] where a type II seesaw contribution 
proportional to the identity was considered. The question of whether leptogenesis 
is feasible becomes a quantitative question. The predictive cases include (2/1) and 
(1/2), and considering the particular form of eq. (37) ca becomes a function of 



Im 



(39) 



with X = I, Y = II or vice versa and i runs over two indices. The e^. depend on 
just one of the terms in the sum above. Under each explicit case we can determine 
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Figure 1: eA as function of M/^. Red squares and orange crosses for normal and 
inverted hierarchy of a specific 3-parameter predictive case. Green squares and blue 
crosses for normal and inverted hierarchy of the general 8-parameter case. 



the mass differences in terms of the parameters, therefore constraining them. For 
(2/1) we have: 

Ami, = [ag]^ — |a(|^ + 2aQ^ ([ag] cos — |a( I cos a{) (40) 

Am|j = I I ( I 1 -l- 2^0^ cos (41) 
Am|^ = - |a{| (|a(| +2a^^cosa() , (42) 

where AttIq, Am®/ and Am^N are the solar, atmospheric for inverted and atmo- 
spheric for normal hierarchy squared mass differences, are the phases of the 
respective aj and we absorbed the phase of Oq^ to make it real without loss of gen- 
erality. For illustration we present the results for the asymmetries of (2/1) in fig. [l] 
(red squares and orange crosses for normal and inverted hierarchy respectively). 

Similarly non- vanishing asymmetries can be generated in the 3 parameter classes 
(l-l-I/l) and (1/1+1), due to the presence of I and therefore of a non- vanishing . 

We turn finally to the special case of the minimal models (2/1) and (1/2) sce- 
narios. For these the matrix At must vanish as a consequence of the orthogonality 
of the Vi eigenvectors due to Y"' having the form Vk ® Vk and the absence of re- 



peated eigenvectors. This conclusion can be seen from eqs. (21), (22) and (23), (24) 
respectively: in either case we get two contributions: combining the single eigen- 
vector of one seesaw type with the other two of the other seesaw type. The two 
contributions to Ai necessarily share the matricial form constructed of orthogonal 
eigenvectors vi'" .{vk^Vk)* -Vi and individually vanish. This can also be seen explicitly 
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Figure 2: e^, (left-panel) and ratio 
a specific 3-parameter predictive case. 



-N, 



/ca (right-panel) as function of for 



by considering eq. (37) with = a^^ = and no repeated eigenvectors meaning 
Yli i^i '^i^*) ~ with all individual terms in the sum vanishing (meaning eA and all 
individual e^. vanish). 

This result may appear to be incompatible with the leptogenesis discussion in 
|28j (where Ai does not vanish despite having exact TB mixing) . There is in fact no 
contradiction - the parametrisations used are both valid: here we consider one quite 
useful for studying hybrid leptogenesis, relying on the outer products Vk ®t?A:;[2H] 
relies on structures that simultaneously give insight into particular phenomenological 
consequences and have direct links to particular symmetries. If one takes a situation 
where the are proportional to the structures of [28] and re-express them into our 
eigenvector parametrisation, we readily conclude that such cases can lead to repeated 
eigenvectors, falling outside our minimal classes and therefore are able to produce 
non-vanishing asymmetries consistently with our analysis. 

We conclude then that in these minimal classes as defined, even the interplay 
between type I and type II seesaw does not enable leptogenesis in the exact mixing 
limit. Leptogenesis becomes possible only when deviations from that limit are intro- 
duced (for example via the introduction of higher dimensional effective operators). 

In fig. [T] we compare a predictive case governed by 3 parameters in red squares 
and orange crosses (in this case a (2/1)) against a general (3+I/3-I-I) case governed 
by 8 parameters in green squares and blue crosses. In fig. |2]we take the same (2/1) 
predictive case, present the values for the relevant e^. and compare the relative by 
taking their ratio i?A = e^-/eA- 
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3.2 Generation of the L asymmetry 

In a mixed scheme as the one we are discussing here, and assuming a hierarchical 
RH neutrino mass spectrum, leptogenesis can proceed in different ways according 
to the hierarchy between the mass of the hghtest RH neutrino, Mjvj and Ma- If 
Mtv^ ^ Ma the effects of A are decoupled and the lepton asymmetry is generated 
via A^i dynamics. Apart from the new contribution to the total CP asymmetry. 



eq. (26), there is no difference between this case and the standard leptogenesis 
scenario. Conversely, if M^Vj ^ Ma the lepton asymmetry is entirely produced 
by the dynamics of A. The triplet having non-trivial standard model quantum 
numbers couples to electroweak gauge bosons, so the determination of the lepton 
asymmetry, even at leading order in the couplings Y, involves gauge boson induced 
triplet annihilations [T^ [21]. One can also envisage a scenario where A and A^^i 
being quasi-degenerate both generate the lepton asymmetry and this is the scenario 
we want to discuss in what follows. 

In a hot plasma with N lepton number and CP violating states Si, ... , Sn the 
evolution of the lepton asymmetry L = Ylii=e ii A'^^i + being the RH charged 

leptons) can be written, for a general mass spectrum, according to |^ 

N 

y^.{^) = Y.^S\^) . (43) 

i=l 

where, following ref. [22], we are using the notation s{z)H{z)z dYx{z) j dz = Yxi^). 
Here z = Mi/T (Mi being the mass of the lightest state), Yax = ^x — ^x/s with nx 
{ux) the number density of particles (antiparticles), s the entropy density and H{z) 
the expansion rate of the Universe (the definitions of these functions can be found 
in the appendix). Y^ (z) is the asymmetry generated by all the N states. Note 



that in (43) we have written the dimensionless inverse temperature of the remaining 
states as Zi = Mi /Mi z. 

In the case under consideration N = 2 and the states correspond to the lightest 
SU{2) singlet neutrino and scalar triplet, therefore 

YAA^) = Yi'';\z) + Yif{z). (44) 

At leading order in the couplings A and Y i.e. 0{X^, Y'^) the two pieces are given by 



vi-w^(>r'(=)),„,^(vif'w):: 



^We do not include the change in the lepton densities due to sphaleron processes. 
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The first terms in the right-hand side (1 ^ 2) represent the contribution from 
the Yukawa induced decay and inverse decay processes, A^i O and A o II; the 
second terms (2 o 2) the off-shell Yukawa generated scattering reactions IW ^ Iw 
and WW -H- £i, that even at leading order must be included so to obtain kinetic 
equations with the correct thermodynamical behaviour. 

In addition to the evolution of the Ia^ asymmetry the full network of Boltzmann 
equations should include the equations accounting for the evolution of the RH neu- 
trino and triplet number densities and the triplet and Higgs asymmetric^ A com- 
ment is in order: the Higgs asymmetry in most of the studies of standard leptogenesis 
is either neglected or treated as a spectator process [30] , in the case in question -or 
in the pure triplet case- this in principle might be done if r(A — t- H H) ^ H{z)\z=i 
can be guaranteed. This simplification, though possible, is not necessary as one 
out of the five equations governing the L generation process can be removed by the 
condition imposed by hypercharge neutrality [21J: 

2Ya^ + Y^h-Ya^ = 0. (46) 

With the above considerations the relevant system of kinetic equations can be writ- 
ten as 

>s = -(i/e-1)7d^-2(z/|-1)7a, 
Ya, = [iVN, - 1) e^^: - {VA, + Z/aJ] 7d^, 

+ [(z/s - 1) CA - 2Ke (^Ai + J/Aa)] 7Da , 
Ya^ = -[yA^ + {Ke-KH)yA,+2KHyl,] , (47) 

where the following conventions have been adopted: yx = Yx/Y^^ (the exception 
being y^T = YaJY^"" and y^, = YaJY^^), S = A + At, e^^^ = e^, + e^^ and 
7Djvi ) IDa and 7a are the reaction densities for: RH neutrino and triplet decays and 
triplet annihilations (expressions for these quantities are given in the appendix). The 
factors K^^H resemble the fiavor projectors defined in standard fiavored leptogenesis 
pn 132] as they project triplet decays into either the Higgs or the lepton doublet 
directions. They are defined as follows 

^^ = -T^%^ and Kn= . , , , (48) 



^These asymmetries are a consequence of these fields not being self-conjugate. 
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where the parameters and are given by 

mi = ^^^ and ml = Tr[mi'mi'^], (49) 

with |yp = Tr[yy"'']. In these definitions we have replaced the trihnear couphng /i 
by the contribution of the type-II sector to the effective hght neutrino mass matrix, 
encoded in fh\. In principle this is just a matter of choice, but it proves to be quite 
convenient given that in contrast to /i the parameter rfiA is (partially) constrained 
by experimental neutrino data. 

As we have already stressed the scenario we consider here is defined by a hier- 
archical RH neutrino mass spectrum and a mild hierarchy between MjVi and Ma, 
that we choose to be in the range 10~^ < M^/M^i < 1- Consequently, as explained 
at the beginning of this section z = M^/T and zn = r z with r = Mm^/M^. In that 
way, once the CP asymmetries in both sectors (I and II) are specified, the prob- 
lem of studying the evolution of the L asymmetry is completely determined by five 
parameters: the contribution of the lightest RH neutrino to light neutrino masses 
= v'^{XX^)ii/Mni, niA, m^. Ma and rf\ 

Assuming an initial vanishing L asymmetry (Yaj;^{z — > 0) = 0), the formal 
solution of the differential equation governing this asymmetry in eq. ( [47| ) yields 

Y^^ (z) = r dz' P{z') f , (50) 



with the functions P{z) = P\z) + P^\z) and Q{z) given by 

P''{^) = ^^Jh(z)z ^^^^^^"^^ " ^^'^ " 2ir,2/Aj^)] lD^{z)} , (52) 



Q{z) 



1 



s(z)H(z)z 



^ {lD^Sz) + 2KejnAz)) 



(53) 



Note that in P^\z) we have included a factor of 3 coming from the triplet SU{2) 
physical degress of freedom. By factorizing either e^* or eA from the functions 
P^'^'iz) and normalizing to F^ot^ = Ftot^(z ^ 0) = Y^^{z) + Y^\z)U^o the L 

^This is to be compared with the pure triplet leptogenesis scenario 21 where the generation of 
the L asymmetry is entirely determined by only three parameters: toaj '^A' -^a- 
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asymmetry in (50) can be written in terms of efficiency functions that depend on 



the dynamics of the scalar triplet and the fermionic singlet, namely 

Y^,{z) = -eTXotV'i^) and Y^,{z) = -e^Y,"",^ (z) . (54) 

The functions rj^'^^z) are defined in such a way that in the limit in which the triplet 
(RH neutrino) interactions are absent rj^ [f]^^) corresponds to the efficiency function 
of standard leptogenesis (pure triplet leptogenesis) . As usual the final L asymmetry 
is obtained from these functions in the limit 2; — )■ oo. 

In models with an interplay of type I and II seesaws exhibiting a mild hierarchy 
between the A and Ni masses several scenarios for the generation of the lepton 
asymmetry can be considered: 

I. Purely triplet scalar leptogenesis models: 

The relevant parameters follow the hierarchy rfiN-^ <^ , m a . The L asym- 
metry is generated through the processes A — )■ £^ or A — )■ HH and the details 
strongly depend on whether ^ rh/^, ^ mj\ or ~ rh/^. Interest- 
ingly, when ^ rh/^ the Higgs asymmetry -being weakly washed out- turns 
out to be large and implies a large lepton asymmetry. 

In order to illustrate how leptogenesis proceeds in these models we have solved 



the network of Boltzmann equations in (47) for the benchmark point P/=(mjVj 



rfiA, m^,MA,r) =(10"^ eV, lO'^ eV, IQ-^ eV, 10^° GeV,2) for fixed eA = 10^^ 
and eAT-^ = 10~^ and assuming initial vanishing asymmetries. The results are 
displayed in fig. [3j With this parameter choice the generation of the L is 
entirely determined by the triplet reactions. As can be seen in fig. |3] (left- 
panel) the RH neutrino reaction density is tiny implying in the equation for 



the evolution of the L asymmetry in (47) the RH related quantities can be 



neglected. For the triplet-Higgs reaction density 7^^, though also small, this 
is not the case: the relevant reaction density in the pure type II sector is 
= + Yd^ so due to the constraint •y^^ ^ Yd^ the Higgs asymmetry 
does not suffers from a strong washout {Kh ~ 10~^) and becomes large. Due 



to the hypercharge neutrality condition, eq. (46), a large lepton and triplet 
asymmetry develops. Once the triplet number density starts being diluted, due 
to decays controlled by 5 asymmetry stored in triplets is transferred to 
the lepton asymmetry. This can be observed in fig. |3] (right-panel) where at 
z 5 the triplet asymmetry drops and the Ya^, increases accordingly. The 
situation described here is quite similar to what happens in standard flavored 
leptogenesis |311 |32l |33] where, depending on the lepton flavor projectors, a 
large asymmetry in a particular flavor can be stored yielding in turn a large 
net lepton asymmetry. 
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Figure 3: Reaction densities for triplet and RH neutrino processes (left-panel) and 
evolution of the different densities (right-panel) entering in the kinetic equations for 
the scenario of purely triplet leptogenesis. See the text for more details. 



II. Singlet dominated leptogenesis models: 

These scenarios are defined according to mTVi ^ m^,mA thus leptogenesis 
is mainly determined by A^^i dynamics. The relative difference between the 
parameters and rh^ determines whether either the Higgs asymmetry or 
the L asymmetry are strongly or weakly washed out, thus three cases can be 
distinguished: ^ mA, '"^a ^ "^A or ~ m^. Each of them exhibit 
different features. 



We have solved eqs. (47) for the case ^ mA by fixing the parameter space 
point Pii={ThN,, mA, mi,MA,r) =(10-2 eV, 10"^ eV, lO'^ eV, 10^° GeV,2) 
with the CP asymmetries ej^*, eA settled as in the previous analysis. The results 
are displayed in figure [i] (right-panel). Due to the hierarchy 7^1^^^ ^ (see 
fig. |4] (left-panel)) the triplet asymmetry is tiny. The hypercharge neutrality 
condition thus implies almost exact L and Higgs asymmetries, the deviations 
determined by the small amount of Iaa produced. Compared with the models 
discussed in the previous item in this case Is departs from thermal equilib- 
rium at higher temperatures (smaller values of z), the decoupling temperature 
entirely determined by gauge reaction decoupling {'Ja{z) / {n^{z)H (z)) < 1)|^ 
For the example in figure |4] it can be seen this happens at z ~ 5, the smal 
bump in Yy;{z) is actually due to this effect. 

^Note that in contrast to the previous case the Higgs and Yukawa triplet related reactions are 
always decoupled. 
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Figure 4: Reaction densities for triplet and RH neutrino processes (left-panel) and 
evolution of the different densities (right-panel) entering in the kinetic equations for 
the scenario of singlet dominated leptogenesis. See the text for more details. 



III. Mixed leptogenesis models: 

In these models the parameters controlling gauge reactions strengths are all of 
the same order i.e. mjvi ~ rn^^ ~ m^, so drawing general conclusions from the 
analysis of particular benchmark points is far more involved and the general 
picture may only be obtained by scans of the relevant parameters. However, 
with the purpose of highlighting some of the aspects of these schemes we have 
solved the set of eqs. in (47) assuming P///=(mAr^, itia, rh^/^,MA,r) =(2 x 10~^ 
eV, 4 X 10-2 eV, 6 x 10"^ eV, 10^° GeV,2) with e*^* and eA fixed as in the 
previous two analyses. The results are shown in fig. |5| we have not included 
in this case neither the E nor the A'^i abundances as the former behaves as 
in purely triplet leptogenesis models while the later as in singlet dominated 
ones. It can be seen that due to the parameter choice overcome the 
corresponding gauge reactions at z ~ 3 maintaining the Fs abundance close to 
the equilibrium distribution. The total L asymmetry is two orders of magnitude 
smaller than in the purely triplet and singlet dominated leptogenesis models 
we have considered, in part because the washouts in both the Higgs and lepton 
directions are large {Ke = 0.64, Kh = 0.36) but it remains to be seen whether 
this is a general feature of these type of models. 
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Figure 5: Reaction densities for triplet and RH neutrino processes (left-panel) and 
evolution of the different densities (right-panel) entering in the kinetic equations for 
mixed leptogenesis models. See the text for more details. 



4 Conclusions 

We have studied leptogenesis in models featuring the interplay between type I and 
type II seesaw in the presence of flavor symmetries. By assuming an exact mixing 
scheme we classified in a model independent way the possible realizations of such 
hybrid scenarios. The possible models can be grouped according to whether in the 
limit of exact mixing the CP violating asymmetry vanishes or not. Our results 
show that the presence of additional degrees of freedom may allow viable leptogenesis 
without requiring any departure from exact mixing, particularly for non-minimal 
models that can include the identity matrix (according to the definition of minimal 
in sec. [2]). Effectively, only the repetition of eigenvectors across both seesaws can 
produce a contribution and if no eigenvectors are repeated the asymmetry must 
vanish - however the identity matrix counts as all eigenvectors so its presence on 
one of the seesaws automatically repeats any present in the other. In the case of 
minimal models the constraints imposed by exact mixing enforce a vanishing CP 
violating asymmetry, thus resembling the results of flavor models based just on type 
I seesaw. 

As regards the generation of the lepton asymmetry we have shown that by going 
beyond the limit of RH neutrino decoupling, allowing the RH neutrino and triplet 
mass splitting to be small, permits a variety of scenarios for leptogenesis. We have 
done an analysis of these realizations for particular benchmark points in the relevant 
parameter space. Our results show these models exhibit different qualitative as well 
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as quantitative features that may lead leptogenesis to be quite different from the 
standard picture. 

Ahhough based on the TB mixing scheme -for concreteness- our conclusions re- 
main valid regardless of the mixing pattern, provided the flavor symmetry enforces 
the type I and type II light neutrino mass matrices to be form-diagonalizable. Ac- 
cordingly, our findings constitute a new pathway to leptogenesis in models in which 
a flavor symmetry is responsible for lepton mixing. 
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A Notation and conventions 



In this appendix we fix the conventions that have been used in sec. 3.2 for the 
discussion of the different leptogenesis realizations one can define in models featur- 
ing an interplay between type I and II seesaws and a mild hierarchy between the 
electroweak triplet scalar and the lightest RH neutrino. 

We have used Maxwell-Boltzmann distribution functions for massless (relativis- 
tic) as well as massive species: 

VW = ^^^, <A^) = ^r n,%{z) = - — , (55) 



where, as mentioned in sec. 3.2, r = Mj^^/M^ and Kn{z) is the n-th order modified 
Bessel function of the second type. The entropy density and the expansion rate of 
the Universe are defined as usual, namely 



Hi.).J'-il-^^^ ,56) 



with the number of relativistic degrees of freedom given by = 118 and the Planck 
mass by Mpianck = 1-22 x lO^^ GeV. 
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The reaction densities for 1^2 processes are given by 



7d^^ (2;) 



7k(-) 



1 Ml ,K,irz) _ 
r TJiNi , 



1 MlKi{z) ml 



4m^ ' 



m 



A 5 



(57) 



where the full triplet reaction density is given by 7^1^ = 7^5^ + Td^- ^'^^ 2 o 2 
triplet annihilations the corresponding reaction density reads 



64 71^ 



^Ki{zx) ^ 
axy/x crA[x) , 



(5^ 



where x = s/M\. The reduced cross section a^(x) = 2 x A(l, 0) (where we 
have A(a, 6, c) = (a — 6 — c)^ — 46c) and involves the s-channel processes AA — )■ 
FF, AA, HH {F and A stand for standard model fermions and SU{2) x f/(l) gauge 
bosons respectively), t and u channel triplet mediated processes AA — > AA and the 
"quartic" process AA — )■ AA. In powers of the kinematic factor uj{x) = a/1 — 4/x 
it can be split in three pieces 



ai{x) 
a^ix) 



1 

TT 



g^5 + 



6 



34 

X 

41 



/4 



1 + 



X 



25g' + -g" 



uj{xY 



{^g\x-\)^g'\x-2)\ In 



uj{x) 



1 + w(x) 
1 — ujix] 



(59) 



with ^^(a;) = ^^=iS'j(x) and (7,(7' the SU{2) and f/(l) gauge couplings. 
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